We have mapped the location of the fumarase (FUM), isocitrate dehydrogenase (IDH), malic acid dehydrogenase (MDH), mannose-6-phosphate isomerase (MPI), phosphoglucomutase (PGM), phosphoglucoisomerase (PGI), and phosphogluconic acid dehydrogenase (6PGDhf) loci in the Hessian Fly. MDH and MPI were linked on an autosome but segregated independently of 6PGDH or FUM, which were linked and were also autosomal. IDH, PGI, and PGM were sex linked and formed a single linkage group.
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The Hessian fly [Mayetiola destructor (Say)]
is a major insect pest of wheat (Triticum species) throughout most of the production areas of the world. In the United States, resistance genes that condition larval antibiosis have been used extensively to protect wheat cultivars from damage caused by the insect. However, because the genetic interaction between wheat and the Hessian fly is highly specific, new virulence genes have evolved quickly in populations. Increases in the frequency of virulence genes have required the identification of new resistance genes and their incorporation into adapted wheat cultivars. In turn, the use of new resistance genes historically have resulted in selection for new virulence genes (Gallun 1977) .
The genetics of virulence in the Hessian fly was examined first by Hatchett and Gallun (1970) , who demonstrated a gene-forgene relationship between resistance genes in wheat and virulence genes in the insect. Resistance is conditioned by dominant alleles at one or two resistance loci. Virulence is conditioned by recessive alleles at single virulence loci, although the genetics of virulence to all resistance alleles has not yet been examined. The evolution of virulence in the Hessian fly is one of the most commonly cited examples of an evolutionary arms race. Knowledge of the genetics and eventually the gene products that govern this virulence-resistance relationship will provide insights into how insect-plant coevolution proceeds at a molecular level.
Our objective is to construct a linkage map of the Hessian fly as an initial step in a long-term goal of cloning and characterizing virulence genes. However, the chromosome cycle in the Hessian fly has several highly atypical events that must be considered in linkage mapping. The insect has two pairs of autosomes, two pairs of sex chromosomes, and from 28-42 germline limited chromosomes that are eliminated from male gametes during early meiosis and from male and female soma during early embryonic development (Stuart and Hatchett 1988a,b) . Germ-line limited chromosomes are morphologically distinct from somatic chromosomes and do not appear to interact with somatic chromosomes during gametogenesis (Stuart and Hatchett 1988b) .
Female Hessian flies usually produce unisexual progenies. This is mediated through a process of sex chromosome elimination from somatic tissues early during embryogenesis and governed by a maternal gene product passed to the egg (Stuart and Hatchett 1991) . Embryos destined to become females receive this product and remain diploid. Embryos destined to become males do not receive an active form of the product and the paternally derived sex chromosomes are eliminated. As a result, males are haploid for sex chromosomes in somatic tissues. Bisexual progenies are rare but can occasionally arise through several genetic mechanisms (Stuart and Hatchett 1991) . This feature of sex determination means that isolation and maintenance of alleles through inbreeding is virtually impossible with brother-sister matings. Furthermore, the commonly employed strategy of mapping through backcrosses or F, intercrosses in multiple families cannot be applied.
Spermatogenesis is also highly aberrant in the Hessian fly. During the first meiotic division, paternally derived somatic chromosomes are eliminated, along with the maternally derived germ-line limited chromosomes. No crossing over occurs between paternal and maternal chromosomes. Therefore, the maternally derived set of chromosomes passes through male progeny mostly unaltered. However, the fact that paternally derived chromosomes are preferentially eliminated from the germ line and soma in male offspring is evidence that chromosomes are marked or "imprinted" during the chromosome cycle.
These aberrant aspects of Hessian fly chromosome cycles have some advantages for linkage mapping (Figure 1) . The complete haplotype of sex chromosomes in sperm can be determined by examining a male's genotype. Because the male contributes only the maternally derived chromosomes to his progeny, the haplotype of autosomes in sperm can be determined by comparing the genotype of a male's mother with genotypes of his mate and their offspring. These features overcome the need to have inbred lines for mapping. With complete haplotype information in males, unambiguous estimates of recombination frequencies and gene order can be obtained.
We report here on a crossing design (Figure 1 ) that exploits the advantages inherent in Hessian fly chromosome cycles, while avoiding the disadvantages. Use of this design will, in the long run, allow for the construction of a saturated linkage map of the Hessian fly genome. We used this design to map seven allozyme loci.
Materials and Methods
Hatchett and Gallun (1970) and Stuart and Hatchett (1991) describe methods for rearing and crossing Hessian flies. Complete electrophoretic methods appear in Black et al. (1990) . The basic crossing design is shown in Figure 1 . Various strains were used as grandparents.
One set of crosses involved populations from Benton County, Washington, and Ellis County, Kansas. These populations were used because a previous allozyme survey (Black et al. 1990 ) showed them to differ greatly in allele frequencies at many allozyme loci and, in many cases, to be segregating for alternate alleles. Flies from Gadsen County, Florida, and New Madrid County, Missouri, were used to map the MDH and PGI loci following several rounds of selection to increase the frequency of alternate alleles at low frequencies.
Randomly mated females from each population were caged individually on Newton wheat seedlings grown in plastic pots (10 cm diam) containing soil. One hundred to 200 individual progenies were established for each population. About 25 days later when the adults of these progenies began to emerge, a female from one population was aspirated gently from the emergence cage into a 10 X 2 cm diam, clear glass tube containing a wheat leaf. A male from the alternate population was then aspirated gently into the same tube for mating. These pairs were kept in the tubes for about 2 hours at room temperature. When a female began to oviposit, the male was removed and frozen at -70°C in a numbered vial. The female was released gently into a caged pot containing wheat seedlings and allowed to ovi- (2) paternally derived sex chromosomes are eliminated early in male embryogenesis so that sex chromosomes are haploid in male somatic tissues; (3) paternally derived chromosomes are eliminated during the first meiotic division in males; (4) no recombination occurs between paternal and maternal chromosomes in males. The latter two aspects allow maternally derived chromosomes to pass unaltered through male progeny, and the phase of alleles that a mother inherits through her father are usually known. The phase of alleles in sperm are determined by comparing paternal genotypes with those of his mother, mate, and their offspring.
posit for about 24 h, after which time she was removed and placed in the numbered vial containing the male. During the next 10 days, the genotypes of these parents were determined at all seven allozyme loci. This information indicated which progenies to maintain. Females from selected progenies were mated to males. Males again were frozen in numbered vials and, following opposition, females were removed to and frozen in the same vial.
While awaiting emergence of the offspring, we determined parental genotypes and maintained only those progeny from which linkage information could be obtained. Adults from the informative crosses were frozen in numbered vials at -70°C as they emerged.
Results and Discussion
The first experiment consisted of 50 Benton County female x Ellis County male crosses and 50 of the reciprocal cross. Following mating and opposition, these 200 individuals were analyzed at all loci except MDH and PGI, and 50 of these were determined to have at least a pair of loci segregating for alternate alleles. Four females from each of these 50 progenies were mated to males from different progenies. Following mating and opposition, the genotypes of 280 of the 400 pairs of parents were analyzed. Based on this information, genotypes were scored in only six sets of offspring. The remaining 274 offspring sets were discarded because they (1) were phase ambiguous, (2) contained apparent contamination, or (3) yielded information on only single pairs of loci already available in other crosses. This first cross yielded information on FUM, MPI, and PGD on the autosomes (Table 1) and on PGA/and IDHon the sex chromosomes ( Table 2) .
The Gadsen County and New Madrid strains had variant alleles segregating at the MDH and PGI loci at low frequency. Allele frequencies at these loci were increased in two generations, then 50 singlepair matings were performed between Gadsen County females and New Madrid County males along with 50 reciprocal matings. Genotypes were analyzed in 14 pairs of parents, and six families of offspring were analyzed at all loci. These crosses yielded information on MDH and PGI and all other allozyme loci.
PGD and FUM were linked at a distance of 20.1 ± 4.9 cM. MPI and MDH were linked at a distance of 15.3 ± 3.9 cM. No other autosomal linkages were detected. We have no basis for determining whether these linkages lie on the same or different autosomes. If these lie on a single chromosome at a minimum of 50 cM from one another, then the minimum recombinational map length would be 85 cM, a distance well within the recombinational length of Drosophila melanogaster chromosomes. Linkage was detected among all three sex-linked loci. PGM and IDH were linked at a distance of 24.4 ± 3.8 cM, PGI ± 3.0 cM. Because these distances are not Hessian fly male (Stuart and Hatchett and 1DH were linked at a distance of 24.4 additive, the gene order is either PGM-PGI-1988a,b) was interpreted largely from mi-± 4.8 cM, and a tight linkage was found IDH or IDH-PGM-PGI. totic and meiotic analyses. Previous studbetween PGM and PGI at a distance of 7.5 The aberrant chromosome cycle in the ies on the autosomal inheritance of viru- The genotypes of parents and of the two classes of parental and recombinant haplotypes are listed with the numbers of each type in the offspring. 14. " 95% CI = 95% confidence intervals calculated with the formula 1.95V(pq)/n + (l/(2n)), where p is the observed frequency of recombination q = 1 -p and n = number of individuals analyzed. * Chi-square goodness-of-fit test. The null hypothesis is that percent recombination = 50%. There is one degree of freedom with this test. ' Heterogeneity chi-square test. The null hypothesis is that the two parental genotypes occur in equal proportions in the offspring or that the two recombinant genotypes occur in equal proportions in the offspring. There is one degree of freedom with this test. * Heterogeneity chi-square test. The null hypothesis is that percent recombination is equal in all crosses. Degrees of freedom = number of crosses -1. CARB2) loci and one of the 6PGDH loci were expressed only in larvae. Presently we have no method for mapping larval markers. Polymorphisms at the glutamate oxaloacetate transaminase (GOT), alcohol dehydrogenase (ADH), and hexokinase (HK) loci were rare. We attempted to increase the frequency of GOT and HK alleles in families. However, screening males at autosomal loci is problematic because if a polymorphism was inherited through the father, then it will not be passed to offspring. Furthermore, variants are lost in females that produce only males, if these males are mated subsequently to another male-producing female. Variant GOT and HK alleles were lost early in the screening process because of one or both of these 
